Objective To determine the capacity, effectiveness, efficiency, and reliability of select tissue dissociation methods to isolate mononuclear cells from the CNS of mice with experimental autoimmune encephalomyelitis (EAE).
Percoll PLUS gradients are commonly used to isolate mononuclear cells from the lipid enriched environment of the CNS. 1, 2 However, this method does not provide a high cell yield, and requires a large number of mice to perform analytical assays with the isolated cells. [3] [4] [5] A standard assay should be efficient, effective, reliable, and should allow for further applications with minimal artificial manipulation of isolated cells.
We selected enzymes that are relatively specific for the extracellular matrix of the CNS, including laminins, proteoglycans, tenascins, reelin, agrin, netrins, and slits. 6, 7 Papain is a cysteine peptidase C1 protease that digests many of the above-mentioned substrates better than pancreatic proteases. 8 For enzymatic tissue dissociation, papain has proven more efficient and less destructive than other proteases, including for the isolation of viable, morphologically intact, cortical rat neurons. 9 Accutase is a ready-to-use liquid consisting of a proprietary mixture of proteolytic enzymes. It maintains an intact morphology, and equivalent gene expression markers of human embryonic stem cells, 10 and human neural stem cells.
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The following criteria were applied to each dissociation method:
(1) mononuclear cell viability post-processing was required to be ≥80% per brain or spinal cord sample, (2) absolute live mononuclear cell numbers were required to be ≥5 × 10 5 per brain or spinal cord sample of mice with clinical experimental autoimmune encephalomyelitis (EAE), (3) test-retest reliability had to be verified, and (4) the absolute mononuclear cell numbers in brain and spinal cord had to correlate with EAE disease activity.
Methods

Peptides
Mouse myelin oligodendrocyte glycoprotein (MOG p35-55 ) (MEVGWYRSPFSRVVHLYRNGK) was synthesized by CS Bio (Menlo Park, CA). Animals C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME), or from a mouse facility at The University of Texas Southwestern Medical Center (UTSW). All mice were maintained in a pathogen-free mouse colony according to the guidelines set forth by the NIH and UTSW. All experiments were approved by the Institutional Animal Care and Use Committee at UTSW.
Induction of EAE
The active EAE induction model was chosen to immunophenotype a broad array of immune competent cells from the CNS. In contrast, adoptive transfer EAE is typically induced by transferring either polarized T-cell receptor transgenic CD4 + T cells, or purified wild-type donor CD4 + T cells into recipient mice. These methods were published by our group previously. 12, 13 Briefly, 8-12 week old male C57BL/6 mice were anesthetized with tribromoethanol (Avertin; SigmaAldrich, St. Louis, MO) 250 mg/kg intraperitoneally (i.p.), and subsequently immunized subcutaneously with MOG p35-55 (100 μg/mouse), emulsified in an equal volume of complete Freund adjuvant 14 containing 4 mg/mL H37Ra Mycobacterium tuberculosis (Difco; BD, Franklin Lakes, NJ) in each flank. At the time of immunization and 48 hours later, mice received an i.p. injection of 200 ng pertussis toxin in 200 μL PBS. For all experiments, individual animals were observed daily based on the EAE clinical scoring system as follows: 0 = no clinical disease, 1 = loss of tail tone, 2 = mild paraparesis, 3 = paraplegia, 4 = hindlimb and forelimb paralysis, and 5 = moribund or death.
Tissue isolation
At the peak of EAE disease, or typically within 12 days of active disease induction, MOG p35-55 immunized mice were perfused through the left ventricle using cold PBS. Brains and spinal cord were dissected and immediately placed in cold PBS for processing.
Percoll PLUS density gradient
The Percoll PLUS (GE Healthcare Bio-Sciences, Pittsburgh, PA) gradient was performed as previously described 4 ; briefly, brains and spinal cords were individually passed through a 70 μm sterile filter to generate a single-cell suspension, and then washed in cold PBS. After washing, the single cell suspension was processed using 2 mL of 37% Percoll PLUS, and a 4 mL/2 mL 30%/70% Percoll PLUS gradient. Cells were then counted using a hemocytometer with Trypan Blue for the discrimination of dead cells. Cells from 3 mice were pooled for subsequent analyses.
Enzymatic digestions
Brains and spinal cords were first finely minced using a sterile scalpel, washed with cold PBS, then processed based on the specific enzymes used. The commercially available Neural Tissue Dissociation Kit (P) (Kit) was used following the manufacturer's protocol (Neural Tissue Dissociation Kit (P); Miltenyi Biotec, San Diego, CA). One milliliter of accutase (Global Cell Solutions, Charlottesville, VA) was added to the tissues at 1 mL per tissue and incubated at room temperature for 15 (accutase 15), 30 (accutase 30), or 60 minutes (accutase 60). Twenty units of papain (Sigma-Aldrich) was added per tissue sample and incubated for 15 (papain 15), 30 (papain 30), or 60 minutes (papain 60) at 37°C. Immediately Glossary CV = coefficient of variation; EAE = experimental autoimmune encephalomyelitis; MOG p35-55 = myelin oligodendrocyte glycoprotein ; UTSW = University of Texas Southwestern Medical Center.
following the incubation, papain was quenched using 150 μg ovomucoid (Sigma-Aldrich). For the combination of accutase and papain (accutase 15/papain 30), 20 U of papain was first added to the brain isolates and incubated for 30 minutes at 37°C. After 30 minutes, the papain was quenched using 1.5 μg ovomucoid. The brains were then washed with cold PBS, and 1 mL of accutase was added for 15 minutes at room temperature. Following all enzymatic dissociation methods, brains were washed with cold PBS, and then subjected to 1 wash with 37% Percoll PLUS to remove remaining myelin. The myelin-free single cell suspensions were counted using a hemocytometer.
Flow cytometry: Extracellular staining A total of 1 × 10 6 cells were stained with 1 μL Ghost Dye Red 780 (Tonbo Biosciences, San Diego, CA) and incubated for 15-30 minutes at room temperature, following manufacturer's recommendations. Cells were then washed using 2% FBS-PBS (FACs buffer) at 1,500 rpm for 5 minutes, followed by incubation with 1 μg FcBlock (anti-CD16/32; Tonbo Biosciences) for 15 minutes at 4°C. Cells were then stained with CD45-Alexa Fluor 700 (BioLegend, San Diego, CA), CD3-Pacific Blue (BD Bioscience, San Jose, CA), CD19-PerCP-Cy5.5, CD11c-APC, CD11b-BV650, CD8-FITC, and CD4-PE-Cy7 (BioLegend) for 35-40 minutes at 4°C. Cells were then gated on time to verify no clog occurred during acquisition (figure e-1A at links.lww.com/NXI/A29). Leukocytes were gated according to morphology side scatter (SSC-A) vs sorward scatter (FSC-A) (figure e-1B, links.lww.com/NXI/A29). Doublets were excluded (FSC-H vs FSC-W and SSC-H vs SSC-W) (figure e-1, C and D, links.lww.com/NXI/A29). Live leukocytes were selected using GhostDye and CD45 staining (figure e-1, E and F, links.lww.com/NXI/A29). Immune cells were gated based on the staining of CD11b, CD11c, CD3, CD4, CD8, and CD19 markers (figure e-1, G-J, links. lww.com/NXI/A29). Starting regions to distinguish granulocytes and microglial cells by side scatter (SSC) vs CD45 (figure e-1K, links.lww.com/NXI/A29). 4 Data were acquired using a BD FACS LSR Fortessa (The Moody Foundation Flow Cytometry Facility, Children's Medical Center Research Institute at UT Southwestern). Data were analyzed using FlowJo v10 (FlowJo, Ashland, OR).
Statistical analyses
Groups were compared for normality by using the KolmogorovSmirnov test. Normally distributed values were compared using the unpaired two-sided Student t test. Values that were not normally distributed were compared using the non-parametric test Mann-Whitney U test. The criteria for significance (α) was set at *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Each experiment was repeated at least once.
To demonstrate reliability, the 95% confidence interval of the mean was calculated to express the precision and repeatability of each dissociation method tested. Then, the coefficient of variation (CV), defined as the ratio of the SD to the mean was computed. The CV shows the extent of variability in relation to the mean of 2 experimental samples. The CV is somewhat arbitrarily set in different experimental settings. Based on our cumulative experience and data in the very heterogeneous EAE model, it was set to ≤25% for the purpose of this study.
All analyses were performed using Prism 7 (GraphPad, La Jolla, CA).
Results
The viability of cells processed from brain and spinal cord tissue of MOG p35-55 -immunized mice varies with the type of treatment used for tissue processing The first requirement in our assay qualification algorithm was a mononuclear cell viability post-processing of ≥80% per brain or spinal cord sample. The identification and exclusion of dead cells is an important aspect in flow cytometric assays. Dead cells possess the potential to bind nonspecifically to many reagents, and they have a tendency to become more autofluorescent. Both of these effects may result in an increase in background fluorescence, and consequently reduce the dynamic range and our ability to detect fluorescent signals that are only weakly positive. In addition, dead cells will eventually release DNA that is notoriously adhesive and may lead to cell aggregation. Finally, some cell subsets may be more prone to death than others in specific experimental settings, and a lower percentage of viable cells may not represent the cellular composition of the original sample.
An extensive search of the scientific literature revealed that there is currently no universally accepted threshold for the percentage of dead mononuclear cells in cellular phenotyping by multiparameter flow cytometry. Therefore, the requirement for a mononuclear cell viability post-processing of ≥80% per brain or spinal cord sample was based on our own extensive experience with Percoll PLUS dissociation of CNS tissue. Using this assay, we have consistently found a cell viability in the 80% range. A further reduction in the percentage of viable cells by other tissue dissociation methods was considered unacceptable.
The cytotoxicity and cell viability of mononuclear cells from immedicately ex vivo brain and spinal cord tissue of mice immunized for EAE was determine by flow cytometry as described in the Method section (figure e-1, A-K, links.lww.com/ NXI/A29). For each monoclonal antibody that was used, the laser excitation wavelength, the clone, and the fluorochrome are listed in table e-1 (links.lww.com/NXI/A31). Tissue dissociation of brain tissue with Percoll PLUS, 30 minutes incubation with accutase (accutase 30), or accutase 60 treatments did not reach the pre-defined criterion, and were excluded from further analyses (figure 1A). Spinal cord tissue dissociation with acutase 15, 30, 60, and accutase 15/papain 30 did also not reach the pre-defined criterion, and were excluded from further analyses (figure 1B).
Some enzymatic dissociation methods provide sufficient cell numbers for flow cytometric analyses of mononuclear cells from brains tissue, but not spinal cords of mice with subclinical EAE Induction of EAE by active immunization may not lead to clinical disease despite the detectable presence of inflammatory mononuclear cell infiltrates in the brain and spinal cord. It is of great potential interest to determine the absolute threshold of mononuclear cells in these compartments that confers disease susceptibility or disease resistance, and to further identify specific mononuclear cell subsets that are detrimental or protective in CNS autoimmunity. These observations could potentially apply to patients with a so called radiologically isolated syndrome, who meet radiologic criteria for MS, but have not yet experienced a clinical neurologic event. 15 Approximately 30% of patients with radiologically isolated syndrome will eventually develop clinically MS, and it would be meaningful to identify boichemical and biological risk factors of disease progression in the EAE model. papain figure 2D ; table e-3, links. lww.com/NXI/A33).
Some enzymatic dissociation methods
The third pre-defined criterion of our assay qualification algorithm was test reliability. As stated in the Method section, the 95% confidence interval of the mean was calculated to express the precision and repeatability of each dissociation method tested. Then, the CV, defined as the ratio of the SD to the mean was computed. The CV shows the extent of variability in relation to the mean of 2 experimental samples. In this study, the CV was set to ≤25, given the heterogeneity of EAE disease activity.
Following the enzymatic dissociation of brains from mice with clinical EAE, Kit, accutase 15, and papain 60 met the criteria ( figure 3A ; table e-3, links.lww.com/NXI/A33). Kit and papain 60 were sufficiently reliable when used to dissociate spinal cords ( figure 3B ; table e-3, links.lww.com/NXI/A33).
Enzymatic dissociation allow leukocyte subset isolation from brain tissue
The number of mononuclear cell subsets isolated from brains of mice with EAE was compared across all enzymatic dissociation methods. Regarding the absolute numbers of CD45 + mononoculear cells, there were some significant differences between figure 4E ; table e-5, links.lww.com/NXI/A35).
Kit and papain 60 are efficient in isolating mononuclear cell subsets from spinal cord of mice with EAE Next, the cellular yield of mononuclear cell subsets after enzymatic tissue dissociation of spinal cord tissue from mice with EAE with Kit and papain 60 was assessed. There was no significant difference between the 2 experimental groups regarding CD3 + T cells ( figure 5A ; table e-4, links.lww.com/ NXI/A34), CD4 + T cells ( figure 5B ; table e-4, links.lww.com/ NXI/A34), CD8 + T cells ( figure 5C ; table e-4, links.lww. com/NXI/A34), CD19 + B cells ( figure 5D ; table e-4, links. lww.com/NXI/A34), and CD11b + myeloid cells ( figure 5E ; table e-4, links.lww.com/NXI/A34).
There is a correlation between EAE disease severity and total number of live mononuclear cells in the spinal cord The fourth requirement of our assay qualification algorithm was a correlation between absolute mononuclear cell numbers in brain and spinal cord and EAE disease course. The EAE scores of each mouse were plotted against the total number of mononuclear cell subsets that were isolated from brain and spinal cord tissue with all dissociation methods that were tested. There was only one significant correlation between the total live mononuclear cell numbers isolated from spinal cord tissue with Kit and clinical EAE disease severity ( figure 5F ). In contrast, analyses of mononuclear cell subsets did not demonstrate any significant correlations. The commercially available kit is the most expensive dissociation method We also intended to determine the cost of each dissociation method per brain or per spinal cord. While the commercially available Kit outperformed the other methods regarding many of the pre-defined criteria, it is also by far the most expensive way to dissociate brain and spinal cord tissue (table e-6, links.lww.com/NXI/A36). Specifically, the Kit assay per Figure 3 Test reliability of enzymatic dissociation methods
The third pre-defined criterion of our assay qualification algorithm was test reliability. As stated in the method section, the 95% confidence interval of the mean was calculated to express the precision and repeatability of each dissociation method tested. Then, the coefficient of variation (CV), defined as the ratio of the SD to the mean was computed. The CV shows the extent of variability in relation to the mean of 2 experimental samples. In this study, the CV was set to ≤25%, given the heterogeneity of experimental autoimmune encephalomyelitis (EAE) disease activity. (A) Following the enzymatic dissociation of brains from mice with clinical EAE, Kit, accutase 15, and papain 60 met the criteria. (B) Kit and papain 60 were sufficiently reliable when used to dissociate spinal cords.
experimental animal was up to 11-fold higher than some of the other dissociation methods.
Discussion
In this study, we aimed to analyze and identify dissociation methods that are efficient, effective, reliable, inert, non-toxic, readily available, and affordable for the isolation of mononuclear cells from individual brains and spinal cords of mice with EAE. Specifically, we applied a 4-step algorithm to determine potentially feasible methods of tissue dissociation that include effects on mononuclear cell viability post-processing of brain or spinal cord sample, the absolute live mononuclear cell numbers of per brain or spinal cord sample in C57BL/6 mice with clinical EAE, test-retest reliability, and a correlation between absolute mononuclear cell numbers in brain and spinal cord and EAE disease course. We also assessed the cost of each method.
Overall, we found that some of the enzymatic dissociation methods provide a more reliable, efficient, and effective method for isolating mononuclear cells from individual EAE brains and spinal cords then Percoll PLUS. Only Kit dissociation met all of our pre-specified criteria, and may provide advantages in identifying biochemical and biological factors that mediate EAE disease susceptibility or resistance.
With improved performance comes an increased price, and the Kit assay per test was up to 11-fold higher than some of the other dissociation methods. In a situation where an EAE score is not a consideration, alternatives to the Kit assay may be feasible, especially if experiments are carried out on a large scale. Otherwise, the authors believe that the best possible technique should be used for CNS tissue dissociation in the active EAE model in C57BL/6 mice.
The authors believe that animal welfare should strongly be considered in every instance an experiment is designed and executed. By broad expert consensus, the guiding principles underlying the humane use of experimental animals in + myeloid cells as compared to papain 15 and papain 30, and accutase 15/papain 30 treatment provided significantly higher cell numbers than papain 30. Groups were compared for normality by using the Kolmogorov-Smirnov test. Values were compared using the non-parametric test Mann-Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001. scientific research are termed the "3 Rs" 16 : (1) to Replace the use of animals with alternative techniques; (2) to Reduce the number of animals used through experimental design to a minimum; (3) to Refine the way experiments are carried out to reduce the suffering of animals as much as possible. Our data suggest ways to reduce the number of animals needed to obtain meaningful biological data in experiments that assess mechanisms underlying CNS autoimmunity and inflammation.
Perhaps not surprisingly, we observed significant differences in the cellular compositions between some of the dissociation methods. It appears intuitive that proteolytic degradation of brain and spinal cord by different methods would favor the yield and viability of mononuclear cell subsets. Ultimately, this observation substantially limits the ability to correlate cellular subsets with clinical EAE phenotypes, or effects on any therapeutic interventions in this animal model, as there is currently no assay that precisely reflects the number and composition of CNS cells in situ just prior to dissociation. Immunohistochemistry/immunofluorescence assays are always semi-quantitative, and as a detection assay are also potentially prone to systemic errors. 17 For instance, each detection antibody would have to be validated to ascertain reproducibility.
The authors believe that in the absence of a truly standardized method, investigators should only compare results of CNS dissociation experiments that use the same method. Alternatively, there should be an expert consensus to reach agreement on a unified experimental approach. It appears critical to not alternate between dissociation methods during longitudinal experiments, or when comparing samples in a cross-sectional research design.
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